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EVALUATION OF A DUCTED -FAN POWER PLANT DESIGNED 
FOR HIGH OUTPUT AND GOOD CRUISE FUEL ECONOMY 
By M. Behun, F. E. Bern., and £• Y. Hensley 


SUMMARY 

A ducted-fan pover plant vas designed for both high-output, 
high. -altitude operation at low supersonic tb.ch numbers and 
good fuel economy at lower flight speeds. Calculated performance 
of the power plant at take -off and at conditions representative 
of high-output and cruiBd operation at altitudes from. 5000 to 
50,000 feet are presented. 

The performance of the ducted fan is compared with the per- 
formance (with and without tail-pipe burner) of two hypothetical 
turbojet engines, one representing current design practice and the 
other representing a more advanced design, (rated compressor pressure 
ratio, 12:1). The comparison is made at take-off and at an alti- 
tude of 35,000 feet under high-output, climbing, and cruising 
modes of operation. The comparison indicates that at a flight Mach 
number of 1.1 the ducted fan has a propulsive thrust per unit of 
frontal area between the thrusts obtained by the turbojet engines 
without tail-pipe burners and the turbojet engines with tail-pipe 
burning. At cruise conditions the ducted-fan power plant obtains 
the lowest propulsive thrust specific fuel consumption. 

For equal maximum propulsive thrust at low supersonic Mach 
numbers at high altitudes, the ducted fan obtains a cruising flight 
duration and range appreciably greater than the turbojet engines 
equipped with tall -pipe burners. The maximum cruising speed of the 
ducted fan with duct burner inoperative, however, is appreciably 
lower than the cruising speeds obtained by the turbojet engine if 
the configurations are designed for the same high-speed performance. 


INTRODUCTION 

The present trend in the performance required of military air- 
craft indicates a need for a power plant having high output at high 
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altitudes and low supersonic Mach numbers and also good fuel economy 
at lower flight speeds. In order to fulfill these requirements, the 
power plant must have the high-speed, high -output performance typical 
of a turbojet engine with tail-pipe burning and the cruising economy 
typical of a turbine -propeller engine. The ducted -fan power plant 
with its high air-handling capacity, ability to burn fuel in the duct 
for maximum power output, and ability to obtain better cruise economy 
than a turbojet engine may fulfill the requirements for such a power 
plant. The ducted fan has been the subject of several Investigations 
(references 1 to 5). In general, these investigations have considered 
the design-point performance of optimized engines or have treated the 
off -design performance of power plants utilizing a turbojet engine 
having sea -level rated compressor pressure ratios of the order of 4 
to 5. Inasmuch as the current turbine -propeller engine has a com- 
pressor pressure ratio higher than the existing turbojet engine and 
therefore nearer the optimum for the ducted fan (reference 5 ) , a 
turbine -propeller engine was selected as the basic element of Idle 
ducted-fan power plant for this investigation. 

Theoretical analyses were made of the ducted -fan cycle for both 
maximum power output and cruising operation. With these analyses as 
a basis for a compromise of "the thrust, the frontal area, and the 
specific fuel consumption, a ducted -fan power-plant design was 
selected. The high -output performance of this engine was determined 
for take -off and for flight Mach numbers of 0.5 and 1.1 at altitudes 
from 5000 to 50,000 feet. The cruising performance was calculated 
both for a flight Mach number of 0*5 at altitudes from 5000 to 
50,000 feet and for flight Mach numbers of 0.3 to 0.7 at an altitude 
of 35,000 feet. 

The performance of the ducted fan is compared with the per- 
formance (with and without a tail-pipe burner) of two hypothetical 
turbojet engines, one representing current design practice and the 
other representing a more advanced design (rated compressor pressure 
ratio, 12:1). The comparison is made at take-off and at an alti- 
tude of 35,000 feet under high-, output, climbing, and cruising modes 
of operation. Cruising -flight duration and range of the engines 
were determined assuming drag characteristics for two types of air- 
craft. The comparison of the flight duration and range of the 
ducted fan (with duct burner inoperative) and the turbojet engines 
(with tail-pipe burners inoperative) was made assuming the engine 
in each configuration to be designed to give the same high-speed 
performance. 
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DESCRIPTION OF POWER PLANT 

The ducted -fan power plant, in any of its possible configu- 
rations, is a propulsive system consisting of a primary engine 
driving a fan that forces a large mass flow of air through a duct. 
The duct may contain burners for considerable augmentation of the 
thrust of the primary engine. In the ducted -fan power plant 
designed for this investigation, part of the air handled by the fan 
enters the primary engine (modified turbine-propeller engine) and 
the remainder flows through the duct (equipped with burners) sur- 
rounding the engine. This particular configuration was chosen for 
its simplicity and ability to obtain a greater pressure at the 
primary-engine inlet and thereby give the primary engine an effec- 
tive pressure ratio nearer the optimum for both maximum, power and 
minimum specific fuel consumption. The arrangement of the component 
parts of the ducted-fen power plant investigated is illustrated in 
figure 1. 


ANALYSIS OF DUCTED-FAN CYCLE 

In general, the propulsive efficiency (for a given flight 
speed) increases with a decrease in Jet velocity. Consequently, 
for a given power input to the Jet, a high propulsive efficiency 
results from a large mass flow in the Jet with an accompanying 
low pressure ratio and therefore a low Jet velocity. The thrust 
produced by the ducted fan considered herein is the sum of the 
thrust produced by the Jet issuing from the primary engine exhaust 
nozzle (primary cycle) and the thrust of the Jet issuing from the 
duct exhaust nozzle (secondary cycle). For a high over-all pro- 
pulsive efficiency, a low turbine-outlet pressure and a low fan pres- 
sure ratio are therefore indicated. For a given flight speed, engine 
speed, and propulsive efficiency, the thrust of the secondary cycle 
varies directly with the mass flow and therefore with the power input 
to the secondary cycle. For the ducted -fan configuration investi- 
gated, an increase in fan pressure ratio increases the over-all pri- 
mary engine pressure ratio, and for pressure ratios below that 
yielding optimum power, results in higher primary cycle efficiency 
and greater power available to drive the fan. Consequently, for max- 
imum thrust (with a given gas temperature) a high fan pressure ratio 
is indicated. Therefore, the selection of a fan pressure ratio for 
best over-all efficiency and performance of the ducted -fan power plant 
investigated necessitates a compromise between the low values of fan 
pressure ratio required for best propulsive efficiency and the high 
values necessary for maximum thrust. 
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In order to obtain a basis for a satisfactory compromise of the 
fan pressure ratio requirements , the effect of fan pressure ratio on 
thrust, power-plant frontal area, and specific fuel consumption of 
design-point power plants was determined for both maximum power and 
cruise operation assuming a primary engine corrected air flow of 
11.5 pounds per second par square foot of frontal area. It was also 
assumed that for the conditions investigated the primary exhaust- 
nozzle area was adjusted to give a turbine -outlet total pressure 
equal to the fan-inlet total pressure. Inasmuch as the combustion 
temperature in the duct (for a given flight condition) affects the 
power obtainable from the ducted fan and turbine -inlet temperature 
affects the cruising specific fuel consumption, the high. -output 
performance was determined for two values of duct gas temperature 
and the cruise performance f car two values of turbine-inlet temper- 
ature. Calculations were made for the following conditions: 



Maximum. 

Cruise 


power 

operation 


operation 


Plight Mach number 


0.5 

Altitude, ft 

• • • * 30,000 

30,000 

Pan pressure ratio . 

m • i • 2 " 3*5 

1.2 - 3.5 

Compressor pressure ratio .... 


5,7 

Turbine -inlet temperature, °R . . 

..... 2180 

2160, 1730 

Duct -inlet velocity, ft /sec . . . 


200 

Duct gas temperature, ?R 


Cold duct 


2000 



Other conditions and assumptions used in the calculations were 
as follows : 


Bam pressure recovery: 

Supersonic total -pressure ratio ..... 0.95 

Subsonic dynamic pressure recovery, percent 90 

Fan adiabatic efficiency, percent . 85 

Compressor adiabatic efficiency, percent 82 

Primary combustion-chamber pressure loss, percent 6 

Primary engine combustion efficiency, percent • 97 

Turbine adiabatic efficiency, percent 84 

Batio of total -pres sure loss across flame holder in 

cold duct to inlet dynamic pressure (incompressible) ... 2 

Duct combustion efficiency, percent 90 

Exhaust-nozzle velocity coefficient (duct and engine) . . . .0.95 


The effect of fan and compressor pressure ratios on the high- 
output performance of the ducted -fan power plant is presented in 
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figure 2. For a given, compressor pressure ratio, figure 2(a) indi- 
cates that the ratio of duct air flow to primary engine air flow 
decreases with an increase in fan pressure ratio. For a given com- 
pressor pressure ratio and duct gas temperature, the ma-riTm™ net 
thrust per unit of power-plant air flow is obtained for fan pressure 
ratios "between 1.6 and 2.7. Figure 2(a) indicates that for fan 
pressure ratios up to approximately 3.0, Hie net-thrust specific 
fuel consumption decreases with an increase in fan pressure ratio. 

For a given fan pressure ratio the net thrust per unit of power- 
plant air flow decreases with an increase in compressor pressure 
ratio; however, the decrease is relatively small in the lower range 
of fan pressure ratios. The compressor pressure ratio had no appre- 
ciable effect on the specific fuel consumption. r T T Vm effect of fan 
and compressor pressure ratios on power-plant size and net thrust 
per unit of power-plant frontal area is presented in figure 2(b). 

For a given compressor pressure ratio the frontal area decreases 
and the net thrust per unit of frontal area increases with an 
increase in fan pressure ratio. Although the net thrust per unit 
of frontal area increases with an increase in fan pressure ratio, 
the power-plant frontal area decreases at a greater rate, which 
results in a decrease in net thrust. Inasmuch as the primary 
engine corrected air flow was assumed constant for the study of 
design -point performance, the net thrust par unit of primary engine 
corrected air flow also decreases with an increase in fan pressure 
ratio (fig. 2(b)). For a given fan pressure ratio the frontal area, 
the net thrust per unit of frontal area, and Hie net thrust per unit 
of primary engine corrected air flow decrease Blightly with an 
increase in compressor pressure ratio. 

The effect of fan and compressor pressure ratios on the cruise 
performance of the ducted -fan power plant is shown in figure 3. The 
ratio of duct air flow to primary engine air flow is shown to decrease 
with an increase in fan pressure ratio (fig. 3(a)). Comparison of 
the air-flow ratios (turbine -inlet temperature, 2160° B) in fig- 
ures 2(a) and 3(a) indicates that for a given fan pressure ratio the 
air -flow ratio is approximately 50 percent greater for the cruise 
condition than for the high-output condition. Figure 3(a) also 
shows that far a turbine -inlet temperature of 2160° R, the net thrust 
per unit of power-plant air flow increases with fan pressure ratio 
over the ranges of pressure ratios investigated. For Hie lower 
turbine -inlet temperature, 1730° R, maximum values of net thrust per 
unit of power-plant air flow are obtained at fan pressure ratios of 
about 2.5 to 3.0, depending on the compressor pressure ratio. The 
minimum specific fuel consumption for the compressor pressure ratios 
investigated occurs at fan pressure ratios of approximately 1.5 to 
2.0. In this range of fan pressure ratios, specific fuel consumption 
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decreases with an increase in compressor pressure ratio and turbine - 
inlet temperature. Increasing the fan pressure ratio decreases the 
ratio of power-plant frontal area to primary engine frontal area, 
increases Hie net thrust per unit of frontal area, and in the lower 
range of fan pressure ratios increases the net thrust per unit of 
primary engine corrected air flow (fig. 3(b)). Figure 3(b) also 
indicates that increasing the compressor pressure ratio tends to 
decrease these factors. 


OFF -DESIGN PERFORMANCE STUDIES 

Selection of engine characteristics . - The design-point studies 
(figs. 2 and 3) indicate that the high -output performance was rela- 
tively insensitive to compressor pressure ratios in the range of 
fan pressure ratios below approximately 2.0 and that minimum cruising 
specific fuel consumption was obtained with the highest compressor 
pressure ratio investigated. Consequently, a constant primary engine 
compressor pressure ratio of 7.0 was used for the off -design studies. ? 

The primary engine was assumed to have a frontal area of 2.4 square 
feet and the corrected mass flow - tforrected engine speed character- 
istics shown in figure 4. The primary engine component efficiencies 
were assumed to be those used in the design-point studies and are 
pessimistic compared to those obtained in current gas-turbine engines. 

It was further assumed that the limiting turbine -inlet temperature was 
2160° E for sustained operation and 2260° E for short duration oper- 
ation (take-off). In order to simplify the control problem of the 
ducted -fan power plant, the primary engine was assumed to have a 
constant-area exhaust nozzle. To deliver as much power as possible 
to the fan without increasing the engine frontal area, the actual 
exhaust-nozzle area was assumed equal to the primary engine frontal 
area. 


As a result of the design point studies, a fan pressure ratio 
of approximately 1.6 was considered to be a suitable compromise of 
the conflicting fan-pressure requirements of the primary and sec- 
ondary cycles. The fan characteristics used in the analysis (fig. 5) 
are those of a fan having a pressure ratio of the order of 1.6. 

These characteristics were scaled from experimentally determined 
characteristics of a small compressor and are representative of the 
characteristics that would be obtained from a three- or four -stage 
axial-flow compressor operating over this range of pressure ratios. 

Preliminary calculations indicated that in order to have favor- 
able fan pressure ratios over the entire flight range at constant 
engine speed and constant turbine -inlet temperature, it was necessary 
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to operate at a lowered fan pressure ratio at take-off conditions. 

» A fan pressure ratio of 1.5 at take-off was therefore selected. In 

order to obtain the required variation in fan-pressure ratio, a 
variable -area exhaust nozzle was required on the duct. Calculations 
indicated that for a given duct cross-sectional area, the duct-inlet 
velocities would vary considerably under some flight conditions. In 
order that the duct-inlet velocity should not exceed approximately 
230 feet per second under any operating conditions, a duct cross- 
sectional area 3.19 times the primary-engine frontal area was 
required. Consequently, the total power-plant frontal area vaB 
approximately 10 square feet. 

Engine performance . - The performance of the ducted -fan power 
plant operating at rated speed Is shown in figure 6. At sea -level 
take-off, the thrust is 780 pounds per unit of frontal area and the 
specific fuel consumption is 3.0 pounds of fuel per hour per pound 
of thrust. In general, the net thrust per unit of frontal area 
decreases with an increase in altitude and the specific fuel con- 

• sumption is independent of altitude above 10,000 and 15,000 feet for 
- flight Mach numbers of 0.5 and 1.1, respectively. The relatively 

poor performance at the lower altitudes is caused by unfavorable fan 

, operating conditions diecussed subsequently. For a flight Mach num- 

ber of 1.1, the net thrust per unit of frontal area decreases from 
960 to 194 pounds per square foot as the altitude is increased from 
5000 to 50,000 feet. At this flight Mach number the specific fuel 
consumption decreases from 3.6 pounds of fuel per hour per pound of 
thrust at 5000 feet to 2.6 pounds of fuel per hour per pound of 
thrust at 15,000 feet and remains at this value for altitudes up to 
50,000 feet. For altitudes below 10,000 feet and a flight Mach num- 
ber of 0.5 the net thrust per unit of frontal area increases slightly 
with an increase in altitude. At the same flight Mach number above 
an altitude of 10,000 feet the net thrust per unit of frontal area 
decreases with an increase in altitude. For burning in the duct at 
• a flight Mach number of 0.5 (representative climbing condition) the 

net thrust per unit of frontal area decreases from approximately 
590 pounds per square foot at 10,000 feet to 120 pounds per square 
foot at 50,000 feet. For this flight Mach number and range of alti- 
tudes, the specific fuel consumption is approximately 2.8 pounds of 
fuel per hour per pound of thrust. For the duct burner inoperative 
at a flight Mach number of 0.5 (representative cruising condition) 
the net thrust per unit of frontal area decreases from a maximum of 
147 pounds per square foot at 10,000 feet to 30 pounds per square 
foot at 50,000 feet. For this flight Mach number at altitudes above 

* 10,000 feet the specific fuel conspmptlon is approximately 1.0 pound 

of fuel per hour per pound of thrust* ...... 


Tlie poor performance at the lower altitudes is caused by the 
low fan pressure ratio' and efficiency necessitated by the limiting 
turbine-inlet temperature of 2160° B. The variation of turbine- 
inlet temperature, fan pressure ratio, and fan efficiency with 
flight conditions is shown in figure 7 . Although the turbine-inlet 
temperature at the higher altitudes did not limit the operation of 
the power plant to a fan pressure ratio of 1.7, calculations indi- 
cated that, due to the characteristics of the fan, any improvement 
in performance that might be expected from use of higher pressure 
ratios was more than offset by the effect of the reduced mass flow 
accompanying the increase in pressure ratio. The variation of the 
duct exhaust -nozzle area, expressed as the ratio of this area to 
that of the primary engine exhaust nozzle, necessary to obtain the 
required fan pressure ratios and the resulting duct -inlet veloci- 
ties are presented in figure 8. 

More favorable fan operating conditions at low altitudes (at 
a given primary engine speed) could be obtained if provision were 
made for varying the ratio of fan mass flow to primary engine mss 
flow. Three possible methods of accomplishing this mass-flow var- 
iation are the use of a variable gearing ratio between the fan and 
the primary engine, a separate turbine to drive the fan, or 
variable -incidence inlet-guide vanes cm the fan. As an example of 
the possible appreciation in performance, decreasing the ratio of 
the fan to compressor speeds by 8.5 percent at a low altitude and 
a low Mach number increases the thrust obtained with Hie duct bur- 
ner inoperative by approximately 45 percent and the specific fuel 
consumption decreases by approximately 25 percent. 

The performance at cruise conditions (duct burner inoperative) 
at a given altitude is very sensitive to changes in flight Mach num- 
ber. The effect of flight Mach number on the cruise performance at 
rated engine speed and an altitude of 35,000 feet is presented in 
figure S. Inasmuch as the performance of the primary engine in the 
range of cruising speeds investigated is essentially that of a 
constant -power engine, the thrust increases from 48 to 78 pounds per 
unit of frontal, area and the specific fuel consumption decreases 
from 1.25 to 0.68 pound of fuel per hour per pound of thrust with 
a decrease in flight Mach number from 0.7 to 0.3. 

Comparison of Performance 

Net thrust. - The performance of the ducted fan is compared with 
the performance (with and without a tail-pipe burner) of two hypo- 
thetical turbojet engines, one representing current design practice and 
the other representing a more advanced design (rated compressor pres- 
sure ratio, 12:1). For the comparison, the current and future turbo- 
jet engines were assumed to have corrected mass flow-corrected engine 
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speed characteristics similar to existing engines, rated corrected 
mass flows of 13 and 16 pounds per second per square foot of frontal 
area, and rated compressor pressure ratios of 5 and 12, respectively. 
In order to provide an equitable comparison, the same component 
efficiencies (poly tropic for compressor and turbine) and limiting 
turbine -inlet temperature were assumed for all engines considered. 
Rated engine speed and a tail-pipe -burner outlet temperature of 
3800° R were assumed for the high-output condition of the turbojet 
engines equipped with a tail-pipe burner. For cruise conditions, 
the turbojet engines were assumed to operate at 95 percent of rated 
engine speed with a turbine -inlet temperature of 1730° R. ' The per- 
formance of the turbojet engines was computed by the methods of 
reference 6. Performance comparisons are presented in terms of net 
thrust per unit of frontal area and net-thrust specific fuel con- 
sumption in table I. 

The comparison of the performance of the power plants at a 
flight Mach number of 1.1 indicates that the ducted fan has a net 
thrust per unit of frontal area between that obtained by the turbo- 
jet engines without tail-pipe burners and the turbojet engines with 
tail-pipe burning. At this flight condition the ducted fan has the 
highest net-thrust specif ic . fuel consumption. Comparison of the 
cruise performance indicates that the ducted fan has a net thrust 
per unit of frontal area of about 30 to 40 percent of -that obtained 
by the turbojet engines. At these conditions the net-thrust specific 
fuel consumption of the ducted fan is appreciably below that obtained 
by the turbojet engines. 

An appreciable improvement in component performance over that 
assumed in the preceding calculations would improve the performance 
of all the engines considered. The improvement in performance of 
the ducted fan, due to the inherent characteristics of this type of - 
power plant, would be greater than that realized by the turbojet 
engines . 

Propulsive thrust . - For configurations in which the engine is 
completely buried in the fuselage or wing roots, net thrust may be 
used as a basis for an equitable comparison of engine performance. 

If the power plant tends to increase the frontal area of the air 
frame or if the engines must be mounted in nacelles, propulsive 
thrust (net thrust minus nacelle drag) is to be preferred as a basis 
for a comparison of engine performance at high flight speeds. Nacelle 
drag for subBonic flight was determined assuming an over -all drag 
coefficient of 0.04. For supersonic conditions the nacelle drag was 
considered as the sum of the wave drag (5° flow deflection) and the 
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skin -friction drag (skin -friction coefficient, 0.0025). The results 
of the drag calculations indicate that at low supersonic Mach numbers 
the total nacelle drag of the ducted fan of this investigation is 
greater than that of the turbojet engines; however, its drag per 
unit of frontal area (because of the greater mass flow per unit of 
frontal area) is less than that of the turbojet engines. The per- 
formance of the ducted-fan power plant and the turbojet engines in 
terms of propulsive thrust per unit of frontal area and specific fuel 
consumption based on propulsive thrust are presented in table II. 

The comparison of the performance of the ducted -fan power plant 
and the turbojet engines with tail-pipe burning at a flight Mach num- 
ber of 1.1 at an altitude of 35,000 feet (table II) indicates that 
the current turbojet engine with tail-pipe burning gives a propulsive 
thrust per unit of frontal area approximately 36 percent greater and 
a specific fuel consumption slightly lower than the ducted -fan power 
plant. The future turbojet engine with tail -pipe burning gives a 
propulsive thrust per unit of frontal area approximately 86 percent 
greater and a specific fuel consumption approximately 10 percent 
lower than the ducted -fan. Therefore, if the turbojet engines with 
tail -pipe burning and the ducted fan are to provide the same pro- 
pulsive thrust at this flight condition, the due ted -fan power plant 
would have to be approximately 1.36 and 1.86 times the size of the 
current and future turbojet engines, respectively. Consequently, 
the take-off thrust of the ducted fan will be only slightly lower 
than the thrusts of the current and future turbojet engines with 
tail-pipe burning, because the difference in power-plant sizes almost 
compensates for the lower value of the take-off thrust per unit of 
frontal area of the ducted fan (table II). In addition. If all the 
engines are designed to give the same thrust at a Mach number of 1.1 
at an altitude of 35,000 feet, the propulsive -thrust of the ducted 
fan under cruising conditions is about one-half that of either the 
current or future turbojet engine, although the cruising thrusts per 
unit of frontal area (table II) show a considerably greater difference. 

In order to determine the relative weights of the engines giving 
the same propulsive thrust at a flight Mach number of 1.1 and an 
altitude of 35,000 feet, the weight of the ducted fail was estimated. 
For this estimate the primary engine weight was assumed equal to 
65 percent of the dry weight of a typical turbine -propeller engine, 
and the weight of the fan, the gear reduction unit, and the other 
components was scaled from similar elements of other engines. 

Results of the weight estimation are in fair agreement with refer- 
ences 3 to 5 and indicate that the weight per unit of frontal area 
of the ducted fan investigated Is approximately 35 and 48 percent 
lower than that of the current and future turbojet engines equipped 
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with tail-pipe "burners , respectively. Consequently, the weights 
of the engines giving the same propulsive thrust at the flight 
condition considered are approximately equal "because the difference 
in the weight per unit of frontal area of the engines very nearly 
compensates for the difference in power-plant sizes. 

Duration and range . - For the comparison of the cruising-f light 
duration and range of the ducted-fan power plant and turbojet engines 
with tail-pipe burners , it was assumed that the power plants were 
installed in identical airplanes and gave the same propulsive thrust 
at a flight Mach number of 1.1 and an altitude of 35,000" feet. It 
was also assumed that each configuration carried an equal weight of 
fuel at the start of cruise operation at this altitude. The cruising 
speed of each configuration is therefore determined by the propulsive 
thrust and drag characteristics of the engine and airplane, respec- 
tively. The airplane drag characteristics assumed for the comparison 
are based on drag characteristics presented in references 4, 7, and 8, 
and are considered to be representative of aircraft designed for the 
type of service considered. The propulsive thrust of the engines 
and the drag of two types of airplane at an altitude of 35,000 feet 
are expressed in figure 10 as a ratio of the propulsive thrust (or 
drag) at different flight Mach numbers to the propulsive thrust (or 
drag) at a flight Jfach number of 1.1. The results presented in 
figure 10 indicate that the ducted-fan configurations have the lowest 
cruising speed (flight Mach numbers of 0.38 and 0.60) and the air- 
planes propelled by the current turbojet engine have the highest 
cruising speed (flight Mach numbers of 0.83 and 0.92). The rela- 
tively low cruising speed of the duo ted -fan configurations is due 
to the low propulsive thrust per unit of frontal area obtained by 
the ducted fan with duct burner inoperative. Figure 10 also indi- 
cates that the operable range of flight speeds of the turbojet engines 
with tail-pipe burners inoperative is much greater than that of the 
ducted fan operating with no burning in the duct- In order to operate 
the ducted fan over this greater range of cruising flight speeds, it 
is necessary to bum fuel in the duct; however, the attendant greater 
fuel consumption will result in a considerable reduction in flight 
duration and range. 

The calculated performance of the airplane -A configurations 
indicates that the ducted fan (cruising flight Mach number, 0.38)' 
has a specific fuel consumption of 0.78 pound of fuel per hour per 
pound of thrust compared with 1.21 and 1.45 pounds of fuel per hour 
per pound of thrust obtained -by the future turbo jet (cruising flight 
Mach number, 0.73) and current turbojet (cruising flight Mach num- 
ber, 0.83) engines, respectively. These data indicate that the 
due ted -fan power plant obtains a flight duration approximately 
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260 and 140 percent greater than the current and future turbojet 
engines, respectively. For the conditions considered, the ducted 
fan obtains a range approximately 65 and 25 percent greater than 
the current and future turbojet engines, respectively. In order ® 

to determine the effect of flight Mach number on the relative cruise h 

performance, the cruising speed of the turbojet configurations was 
lowered by operating the engines at reduced power levels. The per- 
formance of the turbojet configurations was determined assuming each 
turbojet engine to have a constant specific fuel consumption in the 
range of cruising speeds investigated. The effect of flight Mach 
number on the relative cruise performance of the airplane -A con- 
figurations, expressed as the ratio of flight duration (or range) 
of the ducted fan cruising at a flight Mach number of 0.38 to the 
flight duration (or range) of the turbojet engines cruising at 
different flight Mach numbers (relative duration or relative range), 
is presented in figure 11. Also shown are the relative flight 
duration and range of the airplane -B configurations (ducted fan 
cruising flight Mach number, 0.60). The data indicate that for the 
airplane characteristics considered the flight duration and range r . 

obtained by the ducted fan are at least 15 percent greater than 
those obtained by the turbojet engines. 


CONCLUDING REMARKS 

For the same maximum propulsive thrust at low supersonic Mach 
numbers at high altitudes, the frontal area of the ducted fan is 
appreciably larger than that of the turbojet engines equipped with 
tail -pipe burner but the weights of the engines are approximately 
equal. If the engines have the same high-speed performance, the 
ducted fan has a cruising-flight duration and range appreciably 
greater than the turbojet engin.es equipped with tail -pipe burner. 
The greater duration and range, however, are obtained at flight 
speeds appreciably lower than those normally obtained with turbo- 
jet engines. The cruising flight speed of the ducted -fan power 
plant may be increased by burning fuel in the duct but the attend- 
ant reduction in flight duration and range is relatively great. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, 
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TABLE I 


CCMPARIS05 OF EH0IH3 PERTOEMABCB BASED OH BBT THHJ3T PER DBTT OP PKOHTAL AHEA 


Flight condition 

let thruat per unit frontal area 
(lb/eq. ft) 

Specific fuel coi 
(lb/ (hr) (lb tl 

isumptlan 

mist)) 


Ducted 

fan 

Current turbojet 

Future turbojet 

Ducted 

fan 

Current turbojet 

Future turbojet 



Without 

tail-pipe 

burner 

Vith 

tail-pipe 

burner 

Without 

tail-pipe 

burner 



Without 

tail-pipe 

burner 

With 

tail-pipe 

burner 

Without 

•tail-pipe 

burner 

Vith 

tail-pipe 

burner 

Sea-level Btatlc 
(take-off) 

780 

820 

1144 

992 

1485 

3.0 

i.i 

2.3 

.92 


Mach number 1.1 
at 35,000 feet 
(high power and 
high altitude) 

400 

324 

565 

365 

717 


1.4 

2.3 


2.3 

Mach number 0.5 
at 35,000 feet 
(climb) 

255 

252 

387 

302 

509 

2.8 

1*2 

2.2 

1.0 

2.0 

Mach number 0.5 
at 35,000 feet 
(cruise) 

80“ 

187 

176* 

216 

203* 

.91“ 

1.17 

1.24* 

*96 ‘ 

1.02® 

Mach number 0*3 
at 35 j 000 f sot 
(cruise) 

78“ 

180 

. 178* 

215 

203* 

.68“ 

1.07 

1.13* 

.90 

.96* 


“Duct burner inoperative 
^Tail-pipe burner inoperative 


































Figure 1. - Schematic diagram of ducted-fan power plant. 



Net thrust specific Net thrust ' Duct air flow 

fuel consumption. Power-plant total air flow* Primary engine air 

lb/(hr)(lb thrust) lb/(lb/sec) 


g 

d 



(a) Air-flow ratio, thrust per unit air flow, and specific 

fuel consumption# 


Figure 2. - Characteristics of ducted-fan cycle with burning in duct# 
Mach number, 1#1; altitude, 30,000 feet# 






Net thrust Power-plant frontal area 

Primary engine frontal are 
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1.2 1.6 2.0 2.4 2.8 3.2 3.6 


Pan pressure ratio 

(b) Frontal area, thrust per unit area, and thrust. 

Figure 2. - Concluded, Characteristics of ducted-fan cycle with burn- 
ing in duct. Mach number, 1.1; altitude, 30,000 feet. 
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Net thrust specific Net thrust . Duct flow 

fuel consumption, Power-plant total air flow* Primary engine air flow 

lb/(hr)(lb thrust) lb/(lb/aec) 
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(a) Air-flow ratio, thrust per unit air flow, and specific 

fuel consumption. 


Figure 3. - Characteristics of a ducted-fan cycle with no burning in 
duct. Mach number, 0.5; altitude, 30,000 feet® 
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Primary engine front a 
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.80 .85 .90 .95 1.00 1.05 1.10 

Fraction of rated corrected engine speed 

Figure 4. - Air flow - engine speed characteristics of primary engine. 




Fraction of rated corrected engine air flow 
Figure 5. - Fan characteristics. 
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Net thrust per unit frontal area, lb/sq ft Thrust specific fuel 

consumption, 
lb/ (hr ) ( lb thrust ) 
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Altitude, ft 

Figure 7* - Effect of flight conditions on turbine-inlet temperature, 
fan efficiency, and fan pressure ratio* Engine speed, rated* 


Duct-Inlet velocity, ft/sec Duct exhaust-nozzle area 

Primary engine exhaust-nozzle area 
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Figure 8. - Effect of flight conditions on duct exhaust-nozzle area 
and duct-inlet velocity. Primary engine exhaust-nozzle area, 

2.4 square feet; engine speed, rated. 



Net thrust per unit frontal area. Specific fuel consumption 

lb/sq ft lb/(hr)(lb thrust) 
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Plight Mach number 


Figure 9# - Effect of flight Mach number on cruise performance at 
altitude of 35,000 feet* Engine speed, rated; engine frontal area, 
10 square feet* . 


■* 





Relative propulsive thrust or drag 
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Flight Mach number 

Figure 10. - Cruising speeds of ducted -fan and turbojet-engine configurations 
for level flight at altitude of 35,000 feet. Engines supply equal power at 
flight Mach number of 1.1* 







Bange of ducted fan Plight duration of ducted fan 

Ranga of turbo Jat Plight duration of turbojet 
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fflguro 11. - Comparison of flight duration and range of ducted fan and turbojet engines 
cruising at altitude of 35,000 feet- Jiiginee suppljr a^ual power at flight Mach num- 
ber of 1*1. 
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